In mice, the occurrence of immunofluorescent foci for mismatch repair protein MLH1 correlates closely with the occurrence of crossovers, as detected genetically, and MLH1 foci represent virtually all prospective crossover positions. To examine the effects of g-irradiation on meiotic crossovers in mouse spermatocytes, male mice were subjected to wholebody g-irradiation at different sub-stages of meiotic prophase and crossovers on synaptonemal complexes (SCs) were analysed by visualising and quantifying the immunofluorescent MLH1 foci. At both 24 and 48 h after exposure, significant dose-dependent increases in the number of total MLH1 foci per spermatocyte were observed at late zygotene-early pachytene with the gradient increase of radiation dose from 0, 1.5, 3-6 Gy. Furthermore, irradiation at preleptoteneleptotene still led to significant dose-dependent increased meiotic crossovers in the spermatocytes analysed 120 h after exposure. In further analysis, these dose-dependent increases in the number of total MLH1 foci per cell were attributed to significant dose-dependent decreases in autosomal SCs with 0 MLH1 focus, and the dose-dependent increases in autosomal SCs with 2 MLH1 foci and the percentage of cells with MLH1 focus on XY bivalent. The increased number of cells with an MLH1 focus on the pseudoautosomal regions (PARs) may indicate that there is a delay in meiotic progression in the irradiated cells. Although significant dose-dependent increases in the number of total MLH1 foci per cell were examined 24, 48 or 120 h after exposure with the gradient increase of radiation doses, these increases were mild compared to the control groups. This suggests that there is tight control of crossover formation (at least with respect to MLH1 foci number). The mechanisms underlying irradiationinduced DNA lesion repair, cellular responses independent of DNA damage and meiotic crossover homeostasis in mammals will be the subjects of future study.
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Introduction
Meiotic crossovers are generated by homologous recombination initiated by DNA double-strand breaks (DSBs) formed by the topoisomerase-like SPO11 protein (1) . There are more DSBs than crossovers, in some cases, substantially more (!10-fold), and DSBs that do not become crossovers are repaired to give noncrossovers instead (2, 3) . Meiotic crossovers tend to be maintained at the expense of noncrossovers when DSBs were reduced in yeast spo11 hypomorphs and genomic loci differ in expression of the 'crossover homeostasis' (3) . Moreover, analysis of the correlation between crossovers and noncrossovers using genome-wide DNA microarrays has provided further support for crossover homeostasis in Saccharomyces cerevisiae (4). Nevertheless, crossover homeostasis was part of normal crossover control in wild type and reduced in zip2 and zip4 mutants. Another mechanism of crossover control named crossover invariance is found in fission yeast, in which the repair of DSBs at strong hotspots is predominated by intersister Holliday junction formation without Dmc1 and at weaker DSB sites by interhomolog Holliday junction formation with Dmc1 (5).
Irradiation induces many more single-strand breaks than DSBs (some 50-fold) as well as a large number of other DNA lesions and also induces cellular responses independent of DNA damage. It has been estimated that exposure of one cell to 1 Gy of low linear energy transfer radiation induces 25-40 DSBs (6-8). For yeast, fungi and flies, it has been shown that irradiation-induced DSBs can replace Spo11-generated DSBs and partially rescue spo11-deficient phenotypes (9) (10) (11) . Ionising radiation resulted in a significant 2.7-to 3.6-fold increase in germline expanded simple tandem repeat (ESTR) mutation rate in male mice mated 4, 5 and 6 weeks after exposure but had no effect on meiotic recombination frequencies assayed on six chromosomes using 25 polymorphic microsatellite loci covering 421 cM of the mouse genome (12) . Therefore, it is uncertain whether meiotic recombination plays a role in mutation at mouse ESTR loci and whether this mutation arises from a genome-wide increase in meiotic recombination frequencies in exposed animals. During meiotic prophase, DNA repair is competent in spermatocyte nuclei and at the leptotene stage, an endogenous DSBs are introduced by SPO11 protein to provoke homologous recombination and converted into crossovers (13) (14) (15) . As expected, irradiation-induced extra DSBs at the leptotene stage can also be converted into crossovers and lead to a significant increase in meiotic recombination frequency in mouse spermatocytes (16) . To obtain more insight into the effects of irradiation on meiotic recombination, we irradiated male mice at different sub-stages of meiotic prophase in vivo to examine whether this would change the frequency of meiotic crossovers in spermatocytes.
Fortunately, current immunofluorescence techniques make the analysis of meiotic recombination across the whole genome more precise and the visualisation of some important meiotic structures on synaptonemal complexes (SCs) more distinguishable. In this immunocytological analysis, antibodies against SYCP1 (SC protein 1; marks transverse elements of the SC), SYCP3 (marks lateral elements of the SC), MLH1 (an ortholog of the Escherichia coli Mut L mismatch repair protein; marks recombination sites along the SC), and CREST (calcinosis, Raynaud's phenomenon, esophageal dysfunction, sclerodactyly, telangiectasia; marks the centromere) were used to identify meiotic recombination patterns and fidelity of chromosome pairing in pachytene stage cells (17) (18) (19) . Most importantly, the DNA mismatch repair protein MLH1 accumulates at sites of crossing-over during pachytene and forms distinct foci localised to chiasmata precociously induced by okadaic acid (20) (21) (22) . The antibodies against MLH1 identify the number and location of meiotic crossovers on SCs in both mouse (20, 21) and human spermatocytes (18, 23, 24) In mice, the occurrence of immunofluorescent MLH1 foci correlated closely with the occurrence of crossovers as detected genetically (17, 25) , which implies that MLH1 foci represent nearly all prospective crossover positions in this species. Here, we took advantage of this immunocytological analysis and induced DNA damage by whole-body c-irradiation of male mice to examine whether irradiation at different sub-stages of meiotic prophase will change the meiotic crossovers in spermatocyte nuclei.
Materials and methods
Mice Thirty-six adult male C57BL/6Slac mice were obtained from a single dedicated supply colony at Slac laboratory Animal (Shanghai, China), ranked by body weight and randomly assigned to irradiation (27 mice) and control groups (9 mice). All the mice were housed in an air-conditioned animal facility with a 12-h light cycle.
Sub-stage-specific radiation treatment of spermatocyte during meiotic prophase Mice were placed in a carton box with a lucite top and irradiated with doses of 1.5, 3 and 6 Gy of 60 Co c-radiation at a dose rate of 0.5546 Gy min À1 from an FCC-700 Concentric Rotary 60 Co Therapeutic Apparatus (the First Affiliated Hospital of Anhui Medical University, Anhui, China). Stage-specific radiation treatments were accomplished by varying spermatocyte harvest times following irradiation. Times chosen are consistent with both the spermatogenic cell cycling and the maturation sequence (16, 26) and are schematically represented in Figure 1 . Spermatocytes harvested after 24 or 48 h for meiotic recombination analysis on SC (at mid-pachytene, approximately Stages IV-VIII of the cycle of the seminiferous epithelium) were considered to reveal the effects of irradiation at late zygotene-early pachytene and those analysed after 120 h reveal the treatment specifically at preleptotene-leptotene (16, 26) . The mice exposed to different doses of c-irradiation were fed and housed until sacrificed to obtain epididymides and testes for meiotic recombination analysis on SC at 24, 48 and 120 h after radiation, which correspond to the stage of late zygotene-early pachytene, late zygotene-early pachytene and preleptoteneleptotene within meiotic prophase, respectively. At each stage of meiotic prophase, nine male mice were evenly divided into three groups and exposed to 1.5, 3 and 6 Gy of c-radiation, respectively.
SCs preparation and immunofluorescent staining
Testicular tissue was shredded from the mice exposed to different doses of c-radiation and processed using a modified technique (18) . Testicular tissue was shredded with two pairs of forceps, and the released pachytene cells were spread evenly over microscope slides layered with paraformaldehyde (Fisher Scientific)/Triton-X (Sigma) solution at pH 9.2. Slides were dried for $24 h at room temperature in a humid chamber and then drying was completed on the bench for $30 min. Dried slides were washed for 4 min in 0.04% Photo-Flo (Kodak), air dried for 10 min and soaked in antibody dilution buffer (ADB) in a humid chamber for 30 min. Three primary antibodies (human CREST [Immunovision, 1:800], mouse MLH1 [BD Pharmingen, 1:50] and rabbit SC protein 3 [SYCP3] [BD Pharmingen, 1:3000]) were diluted in ADB; this mixture was applied to each slide, covered with a glass cover slip and sealed with rubber cement, and the slides were incubated for $24 h at 37°C in a humid chamber. On the following day, after removing cover slips, slides were washed in TBS solution for 10 min three times at room temperature, soaked in antibody dilution buffer (ADB) in a humid chamber for $6 h and repeated the TBS washing for 10 min three times at room temperature and for 3 min three times at 4°. Subsequent to the wash, a mixture of secondary antibodies was prepared Slides were incubated at 37°C in a humid chamber for 90 min and were washed three times in TBS solution for 10, 20 and 30 min. Subsequently, slides were washed in 2Â SSC/0.1% NP-40 solution and applied with vectashield; a glass cover slip was then applied and sealed with rubber cement.
Meiotic recombination pattern analysis
Slides were scanned with an Olympus fluorescence microscope, locations of the spreads were determined and images of the SCs, MLH1 sites and CREST locations were captured using an Image-Pro Plus 6.0 analysis system (Media Cybernetics, Inc., USA). Each colour signal was acquired as a black and white image and was merged with Image-Pro Plus 6.0 analysis system using appropriate filter sets (Chroma Technologies). The merged images of wellspread cells were analysed to determine the number of MLH1 foci on each individual SC and in the whole cell.
Statistical analysis
Statistical analyses were performed using SPSS 11.5.0 standard version (SPSS Inc., Illinois, USA). A nonparametric or independent sample T-test was employed to analyse differences between the control and tested groups. For all tests, statistical significance was taken as P 0.05 or P 0.01.
Results
Irradiation at late zygotene-early pachytene increased meiotic crossovers in the spermatocytes analysed 24 and 48 h after exposure Testicular tissue was shredded to release the pachytene cells which were inferred to reveal the effects of c-radiation at late zygotene-early pachytene (analysed 24 and 48 h after exposure). In the mice, the number and spatial distribution of MLH1 foci along bivalents closely correspond with those of crossovers (17, 25, 27) . We performed immunofluorescent staining for MLH1, SYCP3 and CREST on mid-pachytene nuclei from the control and irritated mice and analysed the number and distribution pattern of MLH1 foci along SCs (Figure 2A ).
When analysed 24 h after exposure, no significant changes in the number of MLH1 foci were observed in the spermatocytes exposed to 1.5 Gy of c-radiation (23.28 AE 2.21; P 5 0.13) in comparison with the control group (22.48 AE 2.81), while significant increases of the number of MLH1 foci were found in the cells exposed to 3 Gy (23.90 AE 2.14; P 5 0.03) or 6 Gy (24.33 AE 2.03; P , 0.01) of c-radiation (Table I ; Figure 2B ). For further analysis, we grouped autosomal SCs in those with 0, 1, 2 and 3 MLH1 foci (Table I ). In comparison with the control (0.67), the mean Refers to highly significant difference (P 0.01) between a tested and the control group. b Refers to significant difference (P 0.05) between a tested and the control group. Irradiation increased meiotic crossovers number of autosomal SCs with 0 MLH1 focus per cell exhibited a tendency to decrease in the nuclei exposed to 1.5 Gy (0.29; P 5 0.08), 3 Gy (0.15; P , 0.01) and 6 Gy (0.01; P , 0.01) of c-radiation. Accordingly, the mean number of autosomal SCs with 2 MLH1 foci showed a tendency to increase in the cells exposed to 1.5 Gy (4.14; P 5 0.50), 3 Gy (4.60; P 5 0.04) and 6 Gy (4.62; P , 0.01) of c-radiation compared to the control (3.73). Forty-eight hours after exposure, significant dose-dependent increases in the mean number of MLH1 foci per cell were found in the spermatocytes exposed to 1.5 Gy (23.81 AE 1.90; P , 0.01), 3 Gy (23.85 AE 2.02; P , 0.01) and 6 Gy (24.41 AE 1.97; P , 0.01) of c-radiation compared with the control group (22.65 AE 2.18) (Table II) . For further analysis, we also grouped autosomal SCs in those with 0, 1, 2 and 3 MLH1 foci (Table II) . The mean number of autosomal SCs with 0 MLH1 focus per cell showed significant dose-related decreases in the nuclei exposed to 1.5 Gy (0.05; P , 0.01), 3 Gy (0.03; P , 0.01) and 6 Gy (0.04; P , 0.01) of c-radiation compared to the control (0.26). Correspondingly, significant dose-dependent increases of autosomal SCs with 2 MLH1 foci were observed in the cells exposed to 1.5 Gy (4.32; P 5 0.01), 3 Gy (4.32; P 5 0.01) and 6 Gy (4.91; P , 0.01) of c-radiation compared to the control (3.63). Meanwhile, compared to the control (27.36), the percentage of cells with MLH1 focus on XY bivalent also exhibited dose-dependent increases from 46.97 (P , 0.01), 49.00 (P , 0.01) to 50.56 (P , 0.01) in the nuclei exposed to 1.5, 3 and 6 Gy of c-radiation, respectively (Table II) .
We analysed 430 pachytene stage cells which were considered to reveal the effects of c-radiation on spermatocytes at preleptotene-leptotene of prophase (analysed 120 h after exposure). Compared with the control group (22.66 AE 2.13), significant dose-dependent increases were found in the mean of MLH1 foci per cell in spermatocytes exposed to 1.5 Gy (23.94 AE 1.95; P , 0.01), 3 Gy (23.97 AE 1.82; P , 0.01) and 6 Gy (24.06 AE 1.63; P , 0.01) of c-radiation (Table III) . We also grouped SCs in those with 0, 1, 2 and 3 MLH1 foci for further analysis (Table III) .
Compared to the control group, significant dose-related decreases in the number of autosomal SCs with 0 MLH1 focus were observed in the spermatocytes exposed to 1.5 Gy (P , 0.01), 3 Gy (P 5 0.01) and 6 Gy (P , 0.01) of c-radiation, while significant dose-dependent increases in the number of autosomal SCs with 2 MLH1 foci were seen in the cells exposed to different doses of c-radiation (1.5 Gy, P 5 0.05; 3 Gy, P 5 0.02; 6 Gy, P 5 0.02). Additionally, the percentage of cells with MLH1 focus on XY bivalent also exhibited dose-related increases in the cells exposed to different doses of c-radiation compared to the control group (P , 0.01) ( Table III) .
Discussion
To visualise and quantify the number of meiotic crossovers by immunofluorescent staining, we employed the antibody detecting MLH1 foci, which mark almost all crossover sites in the mouse along the SCs (17, 25, 27) . The average number of MLH1 foci per spermatocyte of three control groups (exposed to 0 Gy of c radiation) is 22.48 ( Figure 2A ; Table I ), 22 .65 (Table II) and 22.66 (Table III) , respectively, which are within the range of the average number of crossover frequencies per cell observed for C57BL (22.70 ) and other mouse strains (22.6-23.9) (21, 28, 29) . Most autosomal SCs in control group have 1 or 2 MLH1 foci, but few autosomal SCs with 3 or 0 foci were observed (Tables I-III) . As exhibited in Figure 2A , the shorter SCs usually have 1 MLH1 focus, while the longer SCs average more than 1 focus, which is consistent with previous studies that have reported a positive correlation between chromosome length and number of crossovers (21, 30) . Refers to highly significant difference (P 0.01) between a tested and the control group. b Refers to significant difference (P 0.05) between a tested and the control group. Refers to highly significant difference (P 0.01) between a tested and the control group. b Refers to significant difference (P 0.05) between a tested and the control group.
DSBs threaten the integrity and stability of the genome. Nevertheless, they are induced endogenously during meiosis in order to provoke homologous recombination, which then repairs the breaks, generating crossover products in the process (13, 15) . Many studies and reviews have suggested that the generation of crossover and noncrossover products during homologous recombination is subject to control or manifests crossover homeostasis (4, 15, (31) (32) (33) (34) . In the present work, we induced DNA damage by whole body c-irradiation of male mice at different sub-stages of meiotic prophase and found the irradiation increased meiotic crossovers in mouse spermatocytes.
In zygotene nuclei, synapsis is initiated between cores of homologous chromosomes and central elements of SCs begin to form. Therefore, only DNA damage introduced before pachytene can be incorporated into the meiotic recombination pathway. We evenly divided nine mice into three groups and exposed them to 1.5, 3 and 6 Gy of c-radiation, respectively. At 24 or 48 h after irradiation, spermatocytes irradiated at late zygotene-early pachytene will have progressed to midpachytene, at Stages IV-VII of the cycle of the spermatogenic epithelium (16, 26) , and we analysed MLH1 foci in these irradiated spermatocytes compared to the control (Figure 1 ). Published data have revealed that MLH1 foci appear in midpachytene nuclei, corresponding to approximately Stage IV of the cycle of the semineferous epithelium, and disappear at the end of pachytene, corresponding to approximately Stage VIII (20, 21, 35) . Based on this information and the known length of the different stages of the cycle, it can be estimated that it takes at least 48 h for a cell at the zygotene/pachytene transition to develop into a mid-pachytene spermatocyte at early Stage IV (Figure 1) . Therefore, the majority of cells we analysed at 24 or 48 h after exposure may have been in pachytene already at the time of irradiation, which would lead to an overestimation of the total MLH1 foci. Nevertheless, we still deduced that irradiation-induced DNA lesions at late zygotene-early pachytene were partially converted into meiotic crossovers in midpachytene nuclei, as could be evidenced by significant dosedependent increases of the mean number of MLH1 foci per cell in the spermatocytes at 24 or 48 h after irradiation (Figure 2 ; Table I ). In further analysis, these dose-dependent increases in the number of total MLH1 foci per cell were attributed to the significant dose-dependent decreases in autosomal SCs with 0 MLH1 focus, and the dose-dependent increases in autosomal SCs with 2 MLH1 foci and the percentage of cells with MLH1 focus on XY bivalent (Tables I and II) . It is evident that these dose-dependent increases in meiotic recombination foci resulted from the dose-dependent increases in the irradiationinduced DNA lesions, which suggests that late zygotene-early pachytene of prophase are sensitive sub-stages for the induction of DNA lesions (36, 37) .
In leptotene spermatocytes, SPO11 should be one of the major determinants in the initiation of the meiotic recombination process as it catalyses the formation of endogenous DSBs (16, 38) . For yeast, fungi and flies, it has been shown that irradiation-induced DSBs can replace Spo11-generated DSBs and partially rescue spo11-deficient phenotypes (9) (10) (11) . Recently, it has been shown that irradiation-induced DSBs in male mouse leptotene nuclei can be incorporated in the meiotic recombination process (16) . We evenly divided nine mice into three groups and exposed to 1.5, 3 and 6 of c-radiation, respectively. At 120 h after irradiation, spermatocytes irradiated at preleptotene-leptotene will have progressed to mid-pachytene, at Stages IV-VII of the cycle of the spermatogenic epithelium (16, 26) , and we analysed meiotic crossovers in these irradiated spermatocutes compared to the control (Figure 1 ). We also assumed that irradiation-induced DNA lesions at preleptotene-leptotene of prophase were at least partially incorporated into the meiotic recombination process, which led to significant dose-dependent increases in the mean number of MLH1 foci per cell in mid-pachytene spermatocyte nuclei at 120 h after irradiation (Table III) . In further analysis, these dose-dependent increases in the number of total MLH1 foci per cell were attributed to the significant dose-dependent decreases in autosomal SCs with 0 MLH1 focus, and the dose-dependent increases of autosomal SCs with 2 MLH1 foci and the percentage of cells with MLH1 focus on XY bivalent (Table III) .
The pairing of sex chromosomes X and Y of male placental mammals during meiosis occur only in the short pseudoautosomal regions (PARs), forming the transcriptionally silent XY bivalent during pachytene and diplotene stages of meiotic prophase (16, 39) . No XY bivalent was found with two or more MLH1 foci in our experiments. At 24 h after exposure, no significant dose-dependent increase was shown in the percentage of cells with MLH1 focus on XY bivalent (Table I ), while at 48 or 120 h after exposure, significant dose-dependent increases were exhibited (Tables II and III) , which contributed to the dose-dependent increases of the number of total MLH1 foci per cell. Therefore, the increased number of cells with an MLH1 focus on the PAR might be indicating that there is a delay in meiotic progression in the irradiated cells as the difficulty in normal meiosis for detecting these foci is often attributed to their being transient, not to their not having formed at all. Increased DNA lesions in PARs had more chances to pair with a homologous partner during synapsis and may result in dose-dependent increases in paired XY bivalents with MLH1 focus in the spermatocyte nuclei analysed. In some spermatocytes, however, if unpaired DSBs in PARs could not find a homologous partner, they may persist and result in doserelated changes in unsynapsed XY bivalents (40, 41) . These unpaired XY bivalents could lead to meiotic arrest (42, 43) .
Although significant dose-dependent increases in the number of total MLH1 foci per spermatocyte were found 24, 48 or 120 h after exposure with the gradient increase of radiation dose from 0, 1.5, 3-6 Gy, these increases were mild compared to the control groups. This would argue that there is a tight control of crossover formation (at least with respect to MLH1 foci number). Taking together all the results from this study and previous work by other researchers, we suggest that increasing doses of c-irradiation caused dose-dependent increases of extra DSBs, which further contributed to the dose-dependent increase in MLH1 focus number in spermatocytes. Nevertheless, it is necessary to analyse such cytological markers as RAD51, DMC1, RPA and MSH4/MSH5 in the progression of meiotic recombination after irradiation in future studies.
Conclusions
In mice, the occurrence of immunofluorescent foci for mismatch repair protein MLH1 correlated closely with the occurrence of crossovers as detected genetically and MLH1 foci represent virtually all prospective crossover positions. At both 24 and 48 h after exposure, significant dose-dependent increases in the number of total MLH1 foci per spermatocyte were observed at late zygotene-early pachytene with the gradient increase of radiation dose from 0, 1.5, 3-6 Gy. Furthermore, irradiation at preleptotene-leptotene still led to significant dose-dependent increased meiotic crossovers in the spermatocytes analysed 120 h after exposure. The increased number of cells with an MLH1 focus on the PARs may indicate that there is a delay in meiotic progression in the irradiated cells. Although significant dosedependent increases of the number of total MLH1 foci per spermatocyte were examined 24, 48 or 120 h after exposure with the gradient increase of radiation dose from 0, 1.5, 3-6 Gy, these increases were mild compared to the control groups. This suggests that there is tight control of crossover formation (at least with respect to MLH1 foci number).
Our work raises several interesting questions. Firstly, if irradiation-induced DNA lesions lead to dose-dependent increases in meiotic crossovers in mouse mid-pachytene spermatocytes, does crossover homeostasis exist during the whole pachytene? It has been shown that DSB repair in early pachytene spermatocytes is mainly carried out through homologous recombination (HR) pathway and in late spermatocytes (late pachytenes and early diplotenes) nonhomologous endjoining (NHEJ) is active (44) . Secondly, if crossover homeostasis exists, when are these irradiation-induced DNA lesions repaired and are there other mechanisms for DSB repair? The mechanisms behind irradiation-induced DNA lesion repair and also cellular responses independent of DNA damage, as well as meiotic crossover homeostasis investigation in mammals, will be the subjects for future study. 
